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Abstract
The eﬀect of microstructure on the strength and toughness of advanced ceramics has been investigated. The current work focuses on
numerically modelling statistically representative microstructures and their implementation in multi-scale models. Finite volume
based stress analysis is carried out on these microstructures to investigate the eﬀect of individual material parameters on the strength
and toughness of the bulk material. From the ﬁnite volume analysis it is found that the underlying microstructure aﬀects the local
stress and strain distributions within the numerical models. This in turn impacts on the strength and toughness of the bulk material
model.
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1. Introduction
Advanced ceramics are a class of materials that ﬁnd use in extreme conditions involving high temperature and
impact loading. Due to their superior abrasion resistance and high hardness they are used in areas such as interrupted
turning of steel and nickel alloys. However, like traditional ceramics, these advanced ceramics still suﬀer from low
toughness and may fail prematurely due to fracture or chipping. The material being examined is composed of micron-
sized particles of a primary hard phase surrounded with either a ceramic or metallic matrix material. Carolan et
al. (2011) have previously shown that the strength and toughness of these advanced ceramics are aﬀected by both
grain size and matrix content. Therefore it is desirable to be able to virtually optimise these parameters to guide the
development of improved materials for speciﬁc applications.
According to Groeber et al. (2008) early methods for modelling of material microstructures did not consider the
particle shapes and instead used cubes, spheres and ellipsoids as an approximation. However, in reality microstructures
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are complex and it is well known that mechanical and fracture properties, including strength and toughness, of ceramic
materials are aﬀected by the underlying microstructure (Chantikul et al. (1990); Singh et al. (1978); Cook et al.
(1985)). Therefore it is important to accurately model these microstructures in order to correctly predict the stresses,
crack initiation and propagation behaviour in complex microstructures (Carolan et al. (2013)).
It is well established that a Voronoi tessellation can be used to model polycrystalline microstructures for diﬀerent
types of materials (Dobosz et al. (2012); Zhang et al. (2012); Benedetti and Aliabadi (2013); Li et al. (2006)). Various
authors have used Voronoi diagrams to investigate failure of brittle materials. Espinosa and Zavattieri (2003) inves-
tigate crack initiation in brittle materials, while Warner and Molinari (2006) model compressive fracture of alumina
ceramic. Similar to the current work, Zhou et al. (2012) and Wang et al. (2013) have used Voronoi tessellations to
investigate crack propagation in ceramic tool materials. Ayyar and Chawla (2006) have investigated the eﬀects of
microstructure on crack propagation by embedding a microstructural mesh into a larger Single-Edge Notched Tension
(SENT) specimen. By embedding the microstructure they ensured that their boundary conditions did not interfere
with the crack trajectory through the microstructure.
In the current work, two-phase numerical microstructures have been implemented to investigate the eﬀect of indi-
vidual microstructural parameters, such as volume fraction and matrix content, on the bulk material properties.
2. Synthetic microstructure generation
2.1. Voronoi tessellation
The geometrical models of the synthetic microstructures were generated using a modiﬁed Voronoi tessellation
approach. This is a commonly used method for the generation of numerical microstructures of ceramic and metallic
materials in both two- and three-dimensions. The Voronoi tessellation creates a random microstructure, which is
representative of a polycrystalline material. This is achieved by dividing a space into regions based on seed points as
outlined in Alveen et al. (2013). These microstructures are periodic in both the X and Y direction. In order to create a
two-phased material, similar to the advanced ceramics being examined, each Voronoi region is contracted around its
circumcentre until the desired area fraction of the second phase material is reached.
(a) 30% Particles (b) 40% Particles (c) 50% Particles
(d) 60% Particles (e) 70% Particles
Fig. 1. Two-phase microstructures with varying percentage particulates
The initial microstructures were 100 μm × 100 μm with an average particle area of 30 μm2. The percentage
particulate was varied from 30% to 70%, as shown in Figure 1, with three variations per percentage particulates.
These models were used to investigate the eﬀect of microstructure on strength.
1806   Patricia Alveen et al. /  Procedia Materials Science  3 ( 2014 )  1804 – 1809 
2.2. Multi-scale models
In the interest of investigating fracture, a Centre-Crack Tension (CCT) geometry was modelled. To study the eﬀect
of microstructure on crack propagation, the synthetic microstructures were imbedded into a larger continuum model,
see Figure 2. This was achieved using a feature in OpenFOAM 1.6-ext (Weller et al. (1998)) called Generalised Grid
Interface (GGI), which allows the user to join non-conformal regions where patch nodes on each side of the interface
do not match (Beaudoin and Jasak (2008)). The GGI uses a weighted interpolation to evaluate the stresses across
the coupled interface. The weighting factor is based on the percentage surface intersection between two overlapping
faces.
Fig. 2. Multi-scale model
A symmetry plane was applied on the left hand side, ensuring that only half the geometry needed to be modelled.
By embedding the microstructure, the boundary conditions of the applied displacement are far from the microstructure
and do not aﬀect the results. The bulk model used measured 1100 μm × 2200 μm with a crack length a = 500 μm,
while the embedded microstructure was 50 μm × 600 μm. These dimensions were chosen to be similar to Ayyar
and Chawla (2006). Due to the periodic nature of the original 100 μm × 100 μm microstructures the embedded
microstructures were created by repeating these six times. However the height of the embedded microstructure was
limited to 50 μm to reduce the mesh size and hence reduce computational time.
Table 1. Material properties
E (GPa) ν
Primary Phase 900 0.1
Secondary Phase 150 0.25
Bulk Continuum 290 0.22
3. Finite volume analysis
Finite volume based stress analysis was carried out on the generated microstructures using OpenFOAM 1.6-ext.
The simulations were two-dimensional with plane strain speciﬁed in the third direction. Both the particles and the
matrix were treated as isotropic linear elastic over the course of the simulation. For initial tests it was assumed that
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the crack could only propagate through a single phase, i.e. the matrix phase. The material properties are as outlined in
Table 1. For the multi-scale model the bulk continuum properties were calculated based on the volume fractions of the
two phases using the Mori-Tanaka method (Mori and Tanaka (1973)). It should be noted that the elastic constants are
not representative of any real material, but they can be selected so as to represent real phases within a microstructure.
Both the strength models and the CCT fracture models were subjected to a ﬁxed displacement of 1×10−8 m/s in
the positive and the negative Y direction.
4. Results
4.1. Strength
The eﬀect of percentage particulates on strength was investigated using the initial 100 μm × 100 μm geometry.
As the particle content increases the overall stiﬀness of the bulk material increases, as can be shown by the Hashin-
Shtrikman bounds (Hashin and Shtrikman (1963); Hashin (1965)). Simulation results show that the overall trend for
the strength of the microstructure showed an increase in strength with an increase in the percentage particulates, see
Figure 3. However, it was noted that there was a levelling oﬀ in strength between 40% and 30% particulates. It is
believed that this is due to the interactions between the particles becoming negligible at lower volume fractions and
failure is purely due to interactions between particles and matrix.
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Fig. 3. Eﬀect of varying the percentage particulates. Strength is normalised with respect to cohesive strength.
The eﬀect of Young’s modulus of the second phase material, E2, on the strength of the bulk material was also
investigated. E2 was varied from 150 GPa to 400 GPa while the Poissons ratio was kept constant. It was found
that the strength of the bulk material increased as E2 increased, see Figure 4. This is as a result of the reduced elastic
mismatch between the particles and matrix. Hence, as E2 increases there is an overall decrease in stress concentrations
throughout the microstructure.
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Fig. 4. Eﬀect of varying the Young’s modulus of the matrix material. Strength is normalised with respect to cohesive strength.
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4.2. Fracture toughness
Initial fracture simulations were carried out using three generated microstructures with 50% particulates. It may
be observed from Figure 5 that despite the periodic nature of the microstructures, the crack propagation path does
not repeat. It can also be observed that the crack propagation path remains entirely within the microstructure zone
and does not attempt to enter the zone modelled as homogeneous material. Clearly, for higher rates of loading, with
associated crack branching, this would not be the case and additional numerical eﬀort would be required to model the
appropriate branches as the need arose.
Fig. 5. Crack path through synthetic microstructure with 50% particulates
Using the peak loads from the load-displacement curves, Figure 6, it was possible to calculate the fracture tough-
ness, KIc, using the standard equation for a Centre-Crack Tension specimen shown in Equation 1, where P is the
max load, B is the sample thickness, W is the sample width, and f (α) is a geometrical factor which is equal to 1.2
in this case (Anderson (1995)). The critical fracture toughness was found to be 1.27 MPa
√
m, 1.20 MPa
√
m and
0.91 MPa
√
m for the three microstructures respectively. It should be noted that the crack only propagated all the way
through for the ﬁrst microstructure, while for the other two microstructures the load had to be taken at ﬁrst crack
initiation. If the load at ﬁrst crack initiation is used for the ﬁrst microstructure KIc = 1.10 MPa
√
m which is more in
line with the other microstructures. The scatter observed in the predicted KIc values is also observed in experimental
tests, where statistical approaches such as Weibull analysis are required to accurately determine material properties.
This is due to the brittle nature of these types of materials.
KIc =
P
B
√
W
f (α) (1)
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Fig. 6. Load-displacement curves for CCT with 50% particulates with ﬁrst crack initiation points highlighted
5. Conclusion
Two-dimensional micromechanical models of advanced ceramics have been created using a Voronoi tessellation
approach. Furthermore, these microstructures have been embedded into a bulk continuum model in order to investigate
the eﬀect of microstructure on crack propagation and fracture toughness.
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Finite volume analysis has been carried out on these microstructures to examine the eﬀect of Young’s modulus
and percentage particulates on strength. It is shown that as the volume fraction of the primary hard phase increases,
the strength also increases. Furthermore, it was also found that strength increases with an increase in the Young’s
modulus value of the second phase material.
Lastly it is observed that the fracture toughness, KIc, can be measured using an embedded microstructural model.
Initial results are lower than expected, however further work will look at correlating experimental and numerical
results for both strength and fracture toughness.
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